The detection of release events in the annual growth increments of trees has become a central and widely applied method for reconstructing the disturbance history of forests. While numerous approaches have been developed for identifying release events, the preponderance of these methods relies on running means that compare the percent change in growth rates. These methods do not explicitly account for the autocorrelation present within tree-ring width measurements and may introduce spurious events. This paper utilizes autoregressive integrated moving-average (ARIMA) processes to model tree-ring time series and incorporates intervention detection to identify pulse and step outliers as well as changes in trends indicative of a deterministic exogenous influence on past growth. This approach is evaluated by applying it to three chronologies from the Forest Responses to Anthropogenic Stress (FORAST) project that were impacted by prior disturbance events. The examples include a hemlock (Tsuga canadensis (L.) Carrière) chronology from New Hampshire, a white pine (Pinus strobus L.) chronology from Pennsylvania, and an American beech (Fagus grandifolia Ehrh.) chronology from Virginia. All three chronologies exhibit a clustering of step, pulse, and trend interventions subsequent to a known or likely disturbance event. Time-series analysis offers an alternative approach for identifying prior forest disturbances via tree rings based on statistical methods applicable across species and disturbance regimes.
Introduction
Tree rings, when viewed as time series of annual increments, present a valuable, long-term record of tree growth across many forest environments (see Contributors to the International Tree-Ring Data Bank 2004). These records are capable of providing not only reconstructions of prior climates (Fritts 1976) , but also ecological reconstructions of forest history (Frelich 2002) . In addition to estimates of tree age, tree rings may also reflect the impact of disturbance (sensu White and Pickett 1985) on the prior growth rate of surviving trees, which in turn provides historical insight into the proximal environment of a tree.
Early reconstructions of forest disturbance history showed an increase in the radial-growth rate following a disturbance event (Stephens 1956; Henry and Swan 1974; Oliver and Stephens 1977) . Lorimer and Frelich (1989) proposed objective criteria for quantifying suppression and release growth patterns based on the mean percent change in growth rate. They defined a moderate release as an increase in the mean growth rate by 50% to 99% and a major release as an increase by at least 100%. Similarly, a temporary release occurred for 10 to 15 years, while a sustained release lasted for more than 15 years. Nowacki and Abrams (1997) applied a modified form of these criteria in developing an iterative method to identify release events in oak (Quercus sp.) tree rings based on radial-growth averaging. Using thinning-response studies, they determined that a 25% increase between subsequent decadal intervals of mean radial-growth increments denoted a prior canopy disturbance. Their method and similar approaches have enabled reconstructions of disturbance history for a range of forest ecosystems (e.g., Abrams et al. 1999; Rozas 2003; Rentch et al. 2003) and have become the most commonly employed method of dendroecological reconstructions of disturbance history (Rubino and McCarthy 2004) . Recently, Black and Abrams (2003) refined this method for three species by incorporating release criteria that are dependent on the magnitude of the prior mean growth rate. The release criteria utilize International Tree-Ring Data Bank data sets of each species to develop specific boundary lines that are a function of prior growth rates and express a tree species' potential to respond to a release. While the boundary-line approach is an innovative application of species biology, this paper presents an alternative approach to the detection of disturbance events in tree rings. Unlike these previous methods based on running means, this method utilizes time-series analysis with intervention detection to empirically identify outliers.
Time-series analysis has become a common approach for the modeling of dependent, sequential observations since the publication by Box and Jenkins (1970) . Time-series analysis employs a variety of models, including autoregressive integrated moving-average (ARIMA) processes to describe the behavior of stochastic and dynamic systems (Box et al. 1994 ). These models may include autoregressive (AR), differencing, and moving-average parameters. While these methods enable forecasts of future values, they may also be applied to the estimation of transfer functions and interventions that characterize prior values in a series (Box et al. 1994) . Intervention variables, which express a deterministic influence on a time series, may be either known a priori or suggested by the data via intervention detection procedures.
The use of intervention detection in time-series analysis has been advanced by several studies. Fox (1972) defined two types of outliers, or interventions, in time series: (1) additive outliers that affect the gross level of a particular observation and (2) innovational outliers that also affect subsequent observations. Box and Tiao (1975) formalized intervention analysis by presenting a suite of step and pulse responses that characterize the response of a time series to a known intervention in time. Building on the approach of intervention analysis, Chang (1982) developed intervention detection as a means to iteratively identify unknown pulse interventions in time series (see also Chang et al. 1988) . Tsay (1988) further expanded intervention detection to encompass level shifts and variance changes as well as pulse outliers in a unified approach to the systematic identification of outliers in time series.
Dendroclimatologists have long recognized the presence of autocorrelation in time series of tree-ring widths. Fritts (1976) observed that climate variation affected not only the current year's growth of a tree, but also growth in subsequent years. Similarly, a tree may undergo physiological changes that influence its growth in subsequent years as it reacts to its environment (Fritts 1976) . Early applications of time-series analysis to ring widths demonstrated that tree growth could be described typically by either AR or autoregressive moving-average (ARMA) processes (Meko 1981; Rose 1983; Cook 1985; Guiot 1986; Monserud 1986 ). These insights have placed time-series analysis as a central method in the reconstruction of prior climates from tree rings; however, this method has seldom been applied to the dendroecological reconstruction of forest disturbance history.
The Forest Responses to Anthropogenic Stress (FORAST) project collected radial-growth increments for 36 species within the eastern deciduous forests of North America (McLaughlin et al. 1988) . The project compared radial-growth rates with a variety of environmental data, including forest-stand attributes, climate variables, and anthropogenic pollutants. The objectives were as follows: determine whether trends were present in the radial-growth rates, ascertain whether these trends were synchronous across species or sites, explore whether these trends could be ascribed to a causal environmental variable, and investigate the influence of local site conditions on any relationship. FORAST measured and compiled ring widths for approximately 7000 trees across 17 states in the United States. These trees were sampled across more than 100 sites with chronologies for each available species typically consisting of 15 trees with two cores extracted per tree.
Although FORAST initially examined trends across species and sites using the percent change in radial-growth rates, the project eventually became the first application of timeseries analysis with intervention detection to the ecological analysis of tree growth (see Downing and McLaughlin 1990) . Employing time-series analysis with intervention detection and focusing on only the subset of red spruce (Picea rubens Sarg.) chronologies from the FORAST database, McLaughlin et al. (1987) observed a regional decline in radial-growth rates. Their research showed a substantial increase in the number of negative step interventions during the 1950s and 1960s in red spruce chronologies from both northern and southern sites. While FORAST did examine regional trends in other species using the percent growth change between two time periods, 27 of the 451 chronologies across all species were removed from any analysis, because they appeared to exhibit site-specific responses to prior disturbance (McLaughlin et al. 1988, see Appendix H) . Three of these 27 chronologies have been selected as the focus for this study.
This paper revisits those three FORAST chronologies to investigate whether time-series analysis with intervention detection may also serve as an effective method for reconstructing site-specific forest disturbances. These chronologies are analyzed for pulse, step, and trend interventions. Changes in the numbers of interventions through time are compared with known or likely prior forest disturbances at each site to evaluate this approach across a range of environmental settings, disturbance regimes, and tree species.
Methods
Tree-ring width measurements were accessed using the FORAST database maintained online by Carbon Dioxide Information Analysis Center (McLaughlin et al. 1986 ). Three chronologies were selected from the FORAST database that encompass a range of species, geographical locations, and disturbance regimes. Site information and sampling protocol were reviewed for each chronology using documents from FORAST archived at Carbon Dioxide Information Analysis Center. FORAST investigators selected sites that contained canopy dominant or codominant trees of at least 50 years of age that did not have substantial visual evidence of sitespecific disturbance during that 50-year period (McLaughlin et al. 1988) . Two 4-mm cores were extracted at 1.4 m DBH on opposite sides of each tree (sensu Phipps 1985) . FORAST investigators provided estimates of the stand disturbance history using a temporal rank of the most recent disturbance event (Table 1) . This rank was supplemented with a more detailed stand history during the course of the FORAST project. Cores were measured to the nearest 0.05 mm, crossdated, and verified using COFECHA (Holmes 1983) . As FORAST focused on growth rates during a 50-year period, measurements from many chronologies did not include pre-1930 ring-width data.
The FORAST project also measured stand attributes from a point within 3 m of each sampled tree to characterize the current forest environment. Prisms with a basal area factor (BAF) of 2.5 m 2 ·ha -1 were used to estimate basal area from counts of live and total trees. The DBH (cm) of each tree counted by the prism was also recorded to estimate stand density, D (trees·ha -1 ):
where k is a conversion factor equal to 7.854 × 10 -5 m 2 ·cm -2
and n is the total number of trees counted at a point (McLaughlin et al. 1988) . FORAST data were imported into MATLAB ® 6.5.1 release 13 (Mathworks 2003) , and individual cores were queried according to species and site. Because ring widths are typically heteroscedastic, as the variance of ring widths generally increases with their mean (Cook et al. 1990 ), all width measurements were transformed prior to time-series modeling and intervention detection. The optimal power for the transformation was determined using a regression of log 10 ring widths against the log 10 of their first differences. The optimal power, p, was defined as
where m is the slope of the regression line (Emerson and Stoto 1983 ). For p < 0.05, a log 10 transformation was applied, and for p = 1 no transformation was applied. Time-series modeling and intervention detection were conducted using FreeFore ® version 0.1.20 (Automatic Forecasting Systems 2004; Reilly 1984) . ARIMA models were automatically generated for each tree-ring series following
where φ(B) is the AR operator with the backward-shift operator B, defined as Bz t = z t-1 , ∇ d is a difference operator of order d, z t is the resultant time series, θ(B) is the movingaverage operator, and a t is a white-noise process of independent and random shocks with zero mean and variance σ 2 a (see Box et al. (1994) for background information on timeseries analysis). The model order for a given ARIMA (p, q, d) process was determined using a nonlinear least squares estimation (Box and Jenkins 1970) , where p, q, and d are the AR, differencing, and moving-average terms. Additive pulse, step, and trend interventions were then identified sequentially with a 99% confidence level in accordance with the procedures outlined by McLaughlin et al. (1987) and Downing and McLaughlin (1990) .
Step and trend interventions were defined as a minimum of five successive growth increments. As step interventions represent the first integral of a pulse intervention, likewise changes in trend were identified by taking the second integral of a pulse intervention (D.P. Reilly, personal communication, 2004) . Following intervention detection, FreeFore verified all interventions by using intervention analysis (Box and Tiao 1975) . Additionally, the modeling process was reversed within FreeFore by first applying intervention detection and then automatically generating the suitable ARIMA model. A final comparison was made between the two approaches yielding the "best model" for each core.
Results
FORAST chronologies of eastern hemlock (Tsuga canadensis (L.) Carrière), white pine (Pinus strobus L.), and American beech (Fagus grandifolia Ehrh.) were selected from sites in New Hampshire, Pennsylvania, and Virginia, respectively ( Table 2) . As many as 32 cores were available for each of these chronologies. According to the disturbance history rank, the T. canadensis and P. strobus chronologies were both estimated to have experienced a forest disturbance during the mid-20th century, while the F. grandifolia chronology was thought to have been last disturbed before the 20th century. The mean diameter of the sampled trees was greatest for the F. grandifolia site, which also had the lowest proximal stand density, while the proximal stand basal area was greatest for the P. strobus site (Table 2) .
Of all the series across chronologies, 72% were estimated as AR (1) models; however, occasionally higher order AR and differenced models were estimated (Table 3) . Figures 1  and 2 present the transformed ring widths and detected interventions for two representative cores. Core H7E131 was power transformed (p = 0.62) and contained a change in level in 1945 of 1.08 mm transformed followed by a change in trend in 1959 of -0.06 mm transformed (Fig. 1) . Core F6C122 was log 10 transformed (p = -0.33) and contained pulse outliers in 1945, 1948 , and 1958 of magnitudes 0.23, 0.36, and 0.40 mm transformed, respectively. These pulse outliers were followed in 1965 by a change in level of -0.49 mm transformed (Fig. 2) . Figure 3 summarizes detected interventions by type for each core within the three chronologies analyzed in this Similarly to the T. canadensis chronology, 60% of the cores that initially showed a positive step intervention subsequently showed a negative step intervention. The F. grandifolia chronology exhibited 10 positive step, 6 positive pulse, and 1 positive trend interventions during the years 1928 to 1934 followed by 16 negative step and 4 negative trend interventions from 1951 to 1971. Again, 60% of the cores that initially showed a positive step intervention subsequently showed a negative step intervention.
Discussion

Forest history reconstruction of three FORAST chronologies
The forest surrounding the sampled T. canadensis trees possessed a lower basal area and a greatly reduced density than that reported in a study examining the entire Hubbard Brook Experimental Forest and an adjacent undisturbed forest (31.8 m 2 ·ha -1 and >2000 stems·ha -1 for both sites) when compared with all trees >2 cm DBH (Schwarz et al. 2001) . The forest surrounding the P. strobus trees also displayed a reduced basal area and density when compared with regional old-growth forest estimates from Morey (1936) of 37.4 to 63.9 m 2 ·ha -1 and 1048 to 1562 trees·ha -1 for all trees >2.54 cm DBH. Similarly, the forest surrounding the F. grandifolia trees also showed reduced basal area and density than that of a remnant forest in the Virginia piedmont (Druckenbrod and Shugart 2004 ) with a mean basal area of 43.1 m 2 ·ha -1 and density of 1749 trees·ha -1 for all trees >1.37 m in height. The basal area estimates for these forests suggest that they are successional forests that have not yet reached old-growth conditions for their respective regions; however, the greatly reduced stand density values are less than expected for these forests. As shown by eq. 2, the estimated density contributed by each tree within the angle of a prism varies inversely with the square of its diameter. Thus, if smaller trees were not accurately recorded using the prism method, then the estimates of point densities would be reduced more than the estimates of basal areas. Also, sample point locations were systematically placed adjacent to sample trees (within 3 m), resulting in a possible bias if smaller trees were consistently segregated from sample trees. Alternatively, it may be possible that all three forests surrounding these sample trees exhibit reduced densities and that these densities could be an artifact of prior disturbance.
Although hurricanes are a relatively infrequent disturbance on the northern hardwood-conifer forests of New England, they can have intense local impacts on stand structure (Bormann and Likens 1979; Merrens and Peart 1992) . In 1938, the most recent major hurricane resulted in a localized forest disturbance within the Hubbard Brook Experimental Forest ). According to FORAST site history description, the T. canadensis chronology was sampled within an area severely impacted by both the hurricane and possible salvage logging the year after the hurricane . Aerial photographs of this area, designated as area A by Peart et al. (1992) , showed 18% cover in 1942 and 72% open conditions; however, 75% of this area had returned to high canopy cover by 1978 with only 9% open conditions. The interventions identified in Fig. 3A reflect the impact of the hurricane disturbance with subsequent positive step out- liers, although the later step outliers in 1941 and 1942 could be an indication of salvage logging that occurred in the area. This interpretation agrees with Merrens and Peart (1992) , who observed radial-growth increases in several other canopy species concurrently. Additionally, the negative step interventions indicated by the chronology circa 1960 suggest the return to closed-canopy conditions that were observed in the 1978 aerial photographs. These conditions could also lead to a return to reduced growth rates for trees that are not canopy dominants.
The P. strobus chronology was sampled on land maintained by the Rockview State Correctional Institution for the Commonwealth of Pennsylvania Department of Corrections. The FORAST site history description states that these forests were actively managed for timber production by inmates who used an onsite sawmill. Timber harvesting records, which were available only since the mid-1950s, showed selective harvesting in 1956-1957 and in 1970 in the vicinity of the dendroecological sampling; however, the sampling avoided areas with indications of recent logging. The grouping of positive step, pulse, and trend interventions in the 1940s suggests that the stand surrounding the P. strobus chronologies may not have been disturbed by these recent thinnings, but, instead, that the stand may have been impacted by an earlier, unrecorded harvest in the mid-1940s (Fig. 3B) . The presence of negative step interventions subsequently in the 1960s could suggest a similar crown-closure response as suggested in the T. canadensis chronology; however, no independent information is available to support this transition.
Camp Potomac Woods, the location of the F. grandifolia chronology, is owned by the Girl Scout Council of the Nation's Capital (GSCNC). A caretaker, who has been employed by the GSCNC for 46 years, recalls that the forests around the camp were logged prior to 1949 (A. Quisenberry, personal communication, 2004 . The positive step, pulse, and trend interventions from 1928 to 1934 support this interpretation of the forest history (Fig. 3C) . Again, the subsequent negative interventions suggest a return to closed-canopy conditions by 1971.
Application of time-series analysis with intervention detection to dendroecology
Alternative statistical approaches to identifying interventions in time series have also been developed. For example, the field of climatology has recognized that inhomogeneities may occur in climate time series. These step shifts are typically referred to as discontinuities or changepoints, and several methods have been developed to address them; however, the majority require a reference time series and none of these methods have been tested on series with high autocorrelation (Lund and Reeves 2002; Ducré-Robitaille et al. 2003) .
When a time-series analysis is used, the autocorrelation typically present in tree-ring time series can be accounted for by specific, empirical models generated for each core. Time-series analysis with intervention detection also reduces Step interventions are depicted in black, pulse interventions in gray, and trend interventions in white. The bounds of the sample depth are shown with a broken line. the possibility of introducing spurious events (i.e., false positives analogous to type I error), which may arise when generating running means from time series (Cole 1957; Druckenbrod and Shugart 2004) . Rubino and McCarthy (2004) recognize that decadal intervals of tree-ring data are often not normally distributed; they suggest employing the median instead of the mean in radial-averaging methods. While their adjustment moves toward statistical considerations in reconstructing forest history, it does not fully consider the relationships between sequential increments in tree-ring data.
The radial-growth averaging, boundary-line method of Black and Abrams (2003) requires sufficient data to adequately represent a population of radial-growth measurements for each species across a variety of site and stand conditions. In contrast, time-series analysis with intervention detection generates an empirical model specific to each time series analyzed. Therefore, this approach requires no assumptions concerning all possible growth rates for a particular species or prior conditions affecting a particular tree. Time-series analysis with intervention detection also follows a conservative approach by allowing for the detection of all possible disturbance events recorded in the changing growth rates of trees. Running means typically use a decadal interval in an attempt to minimize shorter and longer term climate influence on tree growth. Time-series analysis with intervention detection requires no assumption as to the periodicity of a climate influence on tree growth. Rather, this method identifies all exogenous interventions on tree growth and enables a comparison with any possible external influence on tree growth. Similiar to radial-growth averaging, time-series analysis with intervention detection is likely limited to detecting only disturbance events that occur after the establishment of a tree. Disturbances that enable tree establishment in gaps with higher initial growth rates would presumably require inference from any subsequent decline in growth after a return to shaded canopy conditions. Time-series analysis with intervention detection does have the potential to account for gradual growth responses to a disturbance such as those reported by Jones and Thomas (2004) . These patterns could be modeled either with specific transfer functions (see Box and Tiao 1975) or with the recognition of a particular sequence of pulse interventions prior to a level shift.
Intervention detection and intervention analysis are being applied more frequently to the interpretation and reconstruction of environmental dynamics from tree rings. These methods have been used with respect to questions about growth decline relating to air pollution (Cook and Innes 1989) , with reconstructions of the Pacific decadal oscillation from tree rings (Gedalof and Smith 2001) , and with reconstructions of growth rates prior to tree mortality (Pedersen 1998) . However, apparently only two dendroecological disturbance studies utilized these methods since McLaughlin et al. (1987) . Mäkinen (1997) used intervention analysis to investigate the impact of known, prior stand-thinning treatments on tree growth. Also, Segura et al. (1995) used intervention analysis to examine the influence of tephra deposition on tree growth.
Intervention detection has potentially greater application for dendroecology than intervention analysis because of its ability to detect unknown prior disturbance events. Intervention detection may also have applications in the identification of specific disturbance regimes on tree growth by focusing on the frequency and sign of different types of outliers. For example, Lafon and Speer (2002) report a dual signal in the running means of tree-ring widths following an ice storm. Heavily damaged trees exhibited reduced growth, while less damaged trees appeared to exhibit a release from competition for resources from surrounding trees. These signals could possibly be characterized uniquely by the presence of positive and negative step interventions. If so, intervention detection could provide inference not only as to the presence of a disturbance event, but also possibly as to the type of event.
In conclusion, time-series analysis with intervention detection provides a statistical approach to the reconstruction of prior disturbance events affecting the radial-growth rate recorded in tree rings. As shown by these three FORAST chronologies, pulse, step, and trend interventions coincide with known or likely prior disturbance events within each of these forests. While time-series analysis has a rich history in its application to dendroclimatology, these results indicate that there is great potential for the application of these methods to dendroecology as well.
